Epidermal growth factor receptor (EGFR) expression is associated with hepatic fibrogenesis. Activated hepatic stellate cells (HSCs) release inflammatory cytokines and extracellular matrix (ECM). The aim of this in vitro study was to investigate HSCs, activated by lipopolysaccharide (LPS), and the role of EGFR using the small molecule EGFR inhibitor, AG1478, and using knockdown of the EGFR gene using small interfering RNA (siRNA) cell transfection.
Background
Epidermal growth factor receptor (EGFR/ErbB1) is a tyrosine kinase receptor [1] , which has been studied in both animal models of cancer and human cancer. Recently, EGFR signaling has been identified as having a key role in the progression of liver fibrosis [2] . In three different animal models of hepatic injury induced by bile duct ligation (BDL), carbon tetrachloride (CCl 4 ), or diethylnitrosamine (DEN), the EGFR inhibitor, erlotinib, decreased the activation of hepatic stellate cells (HSCs), reduced liver fibrosis, and prevented the progression of cirrhosis [3] . Inhibition of EGFR has been shown to reduce extracellular matrix (ECM) deposition and inhibit HSC activation in a high lipid diet-induced model of nonalcoholic fatty liver disease (NAFLD) and promoted a pro-fibrogenic phenotype in HSCs [4] . These recent findings raise the possibility that inhibition of EGFR might be a future therapeutic approach in the prevention or control of hepatic fibrosis.
Activated HSCs are now recognized to have a role in the deposition of ECM, including collagen, in liver fibrosis [5] . The activation of HSCs can be driven by various stimuli, including lipopolysaccharide (LPS) [6] . Bacterial LPS, the classic ligand for toll-like receptor 4 (TLR4) [7] , has been shown to be associated with hepatic fibrogenesis through direct interactions with HSCs [6] . LPS can also induce the activation of nuclear factorkB (NF-kB) and the release of inflammatory cytokines that are required for the development of chronic inflammation and fibrosis, including tumor necrosis factor (TNF)-a and interleukin (IL)-6, which are also involved in HSC activation [8] . However, the molecular mechanism underlying the effects of LPS on HSC activation remains poorly understood.
Therefore, the aim of this in vitro study was to investigate HSCs, activated by LPS, and the role of EGFR using the small molecule EGFR inhibitor, AG1478, and using knockdown of the EGFR gene using small interfering RNA (siRNA) cell transfection. The study included the investigation of the expression of inflammatory cytokines by HSCs, and the TLR4 antagonist TAK-242, and the c-Src inhibitor, PP2.
Material and Methods

Reagents
Lipopolysaccharide (LPS), the small molecule EGFR inhibitor AG1478, the c-Src inhibitor, PP2, and the Toll-like receptor 4 (TLR4) antagonist, TAK-242 were purchased from Sigma-Aldrich (St. Louis, MO, USA). AG1478, PP2, and TAK-242 were dissolved in dimethyl sulfoxide (DMSO) for in vitro experiments. Primary antibodies to transforming growth factor (TGF)-b, collagen 1, asmooth muscle actin (a-SMA), c-Src and phosphorylated c-Src (p-c-Src), Lamin B, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were purchased from Santa Cruz Technology (Santa Cruz, CA, USA). Primary antibodies to epidermal growth factor receptor (EGFR), phospho-EGFR (p-EGFR), Tyr835, TLR4, tumor necrosis factor (TNF)-a, interleukin (IL)-6, IkB-a (an inhibitor of NF-kB) and NFkB P65 were obtained from Cell Signaling Technology (Danvers, MA, USA).
Cell culture and treatment
Hepatic stellate cells (HSCs) were isolated from male SpragueDawley rats, as previously described [9] . Briefly, after in situ perfusion of the liver with a two-step pronase-collagenase digestion, HSCs were separated from other nonparenchymal cells by density-gradient centrifugation using OptiPrep (AxisShield density gradient media, 1114542). HSCs were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS), 100 U/ml of penicillin, and 100 mg/ml of streptomycin in a humidified atmosphere of 5% CO 2 at 37°C. After overnight incubation, the cells were incubated with or without 100 ng/mL LPS for the following indicated times: 15 min for Western blot analysis of p-EGFR, TLR4, and p-c-Src; 1 h for Western blot analysis of NF-kB; 6 h for quantitative reverse transcription polymerase chain reaction (RTqPCR); and 24 h for the MTT assay, Western blot analysis of TGF-b, Col-1, a-SMA, TNF-a and IL-6, in the presence or absence of the small molecule EGFR inhibitor AG1478 (2.5 μM and 5.0 μM), which was incubated for 2 h. All experiments were performed in triplicate.
Measurement of cell viability using the MTT assay
Cell viability was assessed by the MTT assay. HSCs were plated in 96-well plates at 5,000 cells per well and then treated with or without LPS for 24 h. After incubation with MTT reagent for 3 h, the reduction of MTT to the purple formazan dye was detected by a microplate reader at 540 nm. Cell viability was calculated using as: cell viability=A treated/A control×100%.
Small interfering RNA (siRNA)-induced EGFR gene silencing
Gene silencing in cells was achieved using a specific siRNA sequence. EGFR siRNA was purchased from Gene Pharma Co. Ltd. (Shanghai, China). The specific siRNA sequence was 5'-CCGUGCCUGAAUAUAUAAATT-3' for rat EGFR. Transfection of HSCs with siRNA was carried out using Lipofectamine™ 2000 (Invitrogen, Carlsbad, CA, USA), according to the manufacturer's instruction. EGFR gene knockdown was verified by Western blotting. Transfected cells were then treated with LPS for further experiments.
Western blot analysis
HSCs were lysed, and proteins were measured by the Bradford spectroscopic protein assay (Bio-Rad). Nuclear and cytoplasmic proteins were extracted from HSCs using a nuclear and cytoplasmic protein extraction kit (Beyotime Biotech, Nantong, China). Proteins were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and electro-transferred to a polyvinylidene difluoride (PVDF) membrane. Each membrane was blocked for 1.5 h with Tris-buffered saline containing 0.05% Tween 20 and 5% dried non-fat milk powder. The PVDF membranes were then incubated with specific primary antibodies. Immunoreactive bands were detected by incubation with horseradish peroxidase (HRP)-conjugated secondary antibodies and visualized using enhanced chemiluminescence (ECL) (Bio-Rad). The proteins levels were analyzed using Image J analysis software version 1.38e and normalized to their respective control.
Quantitative reverse transcription polymerase chain reaction (RT-qPCR)
Total RNA was isolated from HSCs using TRIZOL (Invitrogen). Reverse transcription and quantitative PCR were carried out using a two-step Platinum SYBR Green qPCR SuperMix-UDG kit (Invitrogen). Eppendorf Mastercycler (Eppendorf, Hamburg, Germany) was used for RT-qPCR analysis. Primers for genes including TNF-a, IL-6, Collagen1, TGF-b, a-SMA, and b-actin were obtained from Invitrogen (sequences are listed in the Supplementary Table 1 ). Target mRNA was normalized to b-actin.
Statistical analysis
Data were presented as the mean ±SEM. Differences between groups were determined by the Student's t-test, where appropriate, using GraphPad Pro (GraphPad, San Diego, CA, USA). Values of p<0.05 were considered to be statistically significant.
Results
The small-molecule epidermal growth factor receptor (EGFR) inhibitor, AG1478, inhibited lipopolysaccharide (LPS)-induced hepatic stellate cell (HSC) activation
The tyrosine kinase activity of epidermal growth factor receptor (EGFR) can be detected in hepatic stellate cells (HSCs) and activated HSCs by the expression of cell surface EGFR [3, 4, 10] . The small-molecule inhibitor of EGFR, AG1478, was used in this study ( Figure 1A ) [11] . Freshly isolated HSCs were treated with LPS (100 ng/mL for 15 min), and the effects on EGFR activation were determined. The results showed that LPS induced a significant increase in EGFR phosphorylation, which was inhibited in a dose-dependent way with AG1478 treatment (2.5 μM and 5.0 μM) with pretreatment for 2 h ( Figure 1B) . To evaluate the effect of AG1478 on the activation in HSCs, HSC viability was then determined. As supported by a previous study [12] , LPS significantly stimulated HSC proliferation ( Figure 1C ), indicating LPS could increase HSCs activation. Treatment with AG1478 reduced LPS related-cell viability ( Figure 1C ).
Increased production of transforming growth factor-b (TGF-b) is critical for sustaining HSC activation [13, 14] . In this study, with sustained LPS treatment for 24 h, the expression of TGF-b was stimulated ( Figure 1D ). Pretreatment with AG1478 decreased TGF-b protein expression in a dose-dependent way ( Figure 1D ). LPS also stimulated the expression of extracellular matrix (ECM) components, including collagen I (Col-1) ( Figure 1E ), and a-smooth muscle actin (a-SMA) ( Figure 1F ), which were reduced by AG1478 pretreatment in a dose-dependent manner ( Figure 1E, 1F ). AG1478 also reversed the effects of LPS on the expression of genes associated with fibrosis, such as TGF-b, Col-1, and a-SMA, and in a dose-dependent way ( Figure 1G ). These findings indicated that the EGFR smallmolecule inhibitor, AG1478, inhibited LPS-related fibrosis in HSCs, and the inhibition of expression of proteins associated with liver fibrosis by AG1478 may also have been associated with reduced viability of HSCs.
The EGFR inhibitor AG1478 inhibited the expression of LPS-induced inflammatory cytokines in HSCs
LPS has previously been reported to increase inflammatory responses in the liver, to activate HSCs, chronic inflammation, and fibrosis [6, 8, 15] . As part of this study, treatment of HSCs with AG1478 was found to alter the expression levels of proinflammatory cytokines. Immunoblotting showed increased expression of tumor necrosis factor-a (TNF-a) and interleukin-6 (IL-6) in HSCs (Figure 2A, 2B) , which was also associated with increased mRNA levels of TNF-a and IL-6 ( Figure 2C , 2D). AG1478 treatment reduced both protein and mRNA levels TNF-a and IL-6 (Figure 2A-2D) .
To determine the possible underlying signaling mechanism of the anti-inflammatory activity of AG1478, the NF-kB pathway was examined, as this signaling pathway has previously been implicated in the expression of pro-inflammatory cytokines following LPS simulation of HSCs [8] . In the present study, HSCs stimulated with LPS and then treated with AG1478 showed reduced cytosolic IkB-a ( Figure 2E ), cytoplasm NF-kB p65 subunit ( Figure 2F ) and increased nuclear NF-kB p65 subunit ( Figure 2G ) levels. AG1478 treatment of HSCs prevented LPS-induced reduction in cytosolic IkB-a, p65 and increased nuclear p65 levels ( Figure 2E-2G) . These results showed that LPS induced a pro-inflammatory phenotype in HSCs and that these effects could be inhibited with the use of the specific EGFR inhibitor, AG1478.
EGFR silencing reduced LPS-induced inflammatory cytokines and activation of HSCs
As an additional method to overcome the possibility of nonspecific inhibition by the EGFR inhibitor, AG1478 and to provide further support for the role of EGFR, the EGFR gene was silenced by using small interfering RNA (siRNA) cell transfection. Transfection of si-EGFR led to decreased levels of EGFR 1 protein expression in HSCs ( Figure 3A) , and reduced EGFR protein levels ( Figure 3B, 3C ) and gene expression levels ( Figure 3D ) and expression levels of TNF-a and IL-6 in LPS-stimulated HSCs. Also, LPS-induced NF-kB activity was not evident following silencing EGFR expression in HSCs ( Figure 3E ). Also, si-EGFR decreased LPS-treated activation of HSCs, as reduced levels of the liver fibrosis markers, including of TGF-b, Col-1, and a-SMA at both the protein level ( Figure 3F ) and the mRNA level ( Figure 3G ). These findings, together with the results of the anti-inflammation and anti-fibrosis effect of AG1478, confirmed that EGFR has a potential role in regulating LPS-related HSCs activation.
LPS triggered EGFR activation in HSCs through Toll-like receptor 4 (TLR4)/c-Src signaling cascade
Included in this study was an initial attempt to determine the possible pathway for the activation of EGFR expression by LPS stimulation of HSCs. LPS has been shown by previous studies to bind directly to Toll-like receptor 4 (TLR4) [7] . TLR4 signaling activation promotes c-Src phosphorylation [16] . It has also previously been reported that c-Src mediates atopic airway inflammation via EGFR activation [17] . Supported by these previous findings, this study included a preliminary evaluation of whether LPS activated EGFR in HSCs through the TLR4/c-Src signaling cascade. Either EGFR gene knockdown ( Figure 4A-4C ) or pharmacological inhibition ( Figure 4D , 4E) of EGFR did not inhibit the expression of TLR4 and phosphorylation of c-Src induced by LPS treatment, suggesting that EGFR may not be the upstream regulator of TLR4/c-Src. We then evaluated the role of the TLR4 antagonist, TAK-242 and the c-Src inhibitor, PP2 on LPS induced-EGFR phosphorylation. As shown in Figure 4F , both TAK-242 and PP2 reduced EGFR activation in HSCs. These findings show a novel mechanism of LPS-induced EGFR activation, one which involves the TLR4/c-Src signaling cascade.
Discussion
Hepatic fibrosis represents healing that follows chronic inflammation and is a response to frequent and repeated chronic liver injury, which can eventually lead to cirrhosis and even liver cancer [18] . During hepatic injury, quiescent hepatic stellate cells (HSCs), which are located between hepatocytes and endothelial cells in the space of Diss, can convert to an activated phenotype that produce both inflammatory cytokines and extracellular matrix (ECM) components [5] . Therefore, reduction of both HSC proliferation and activation might be a potential therapeutic approach to prevent or inhibit the progression of hepatic fibrosis [5] . HSCs can also directly interact with and be activated by lipopolysaccharide (LPS) [19] , the plasma concentrations of which are elevated during chronic liver injury [6, 8] . Previously published studies have shown that epidermal growth factor receptor (EGFR) expression is associated with hepatic fibrogenesis [3, 4] . Feng et al. reported that in dimethylnitrosamine (DMN)-induced hepatic fibrosis in rats, a thio derivative of matrine inhibited fibrogenesis, and improved hepatic function via inhibiting the phosphorylation of EGFR [10] . The findings of the present study showed that the use of small-molecule antagonists of EGFR, or knockdown of the EGFR gene using small interfering RNA (siRNA) cell transfection significantly reduced the expression of ECM-associated cytokines, including transforming growth factor (TGF)-b, asmooth muscle actin (a-SMA) and collagen 1, and reduced cell viability in the HSCs treated with LPS.
The pro-inflammatory cytokines, interleukin (IL)-6 and tumor necrosis factor (TNF)-a are involved in liver fibrosis [19] . The NF-kB pathway, a conserved mediator of inflammatory responses, also plays a central role in regulating the progression of liver fibrosis [20] . Inhibition of IkB kinases stimulates apoptosis of HSCs, indicating that NF-kB signaling plays a central role in the activation of HSC [8] . The findings of the present study showed that the same EGFR/NF-kB activation pathway enhanced inflammatory response in HSCs, which were reversed by EGFR inhibitors or by EGFR gene knockdown with si-EGFR.
There remains a need to understand how LPS activates EGFR signaling. Koff et al. found that the LPS/Toll-like receptor 4 (TLR4) axis activated EGFR to produce inflammation in the airway epithelium [21] . Also, use of the EGFR inhibitor, erlotinib, or EGFR gene silencing, have previously been shown to inhibit LPSinduced TLR4/NF-kB activation [22] . Therefore, in the present study, TLR4, a classical receptor for LPS, was identified as a potential activator of EGFR in HSCs. It has been reported in previously published studies that c-Src activation plays an important role in EGFR kinase activation [23, 24] . The findings of the present study showed, for the first time, that TLR4 interacts with LPS to facilitate c-Src/EGFR interactions, thereby activating the downstream NF-kB signaling pathway and inflammatory response.
Conclusions
The findings of this study showed that the activation of hepatic stellate cells (HSCs) by lipopolysaccharide (LPS) in vitro, including the expression of inflammatory cytokines and mediators of fibrogenesis, was shown to be dependent on the expression of epidermal growth factor receptor (EGFR). Using EGFR gene knockdown and specific small-molecule antagonists and inhibitors, the findings showed that LPS mediated EGFR activation in HSCs, cell proliferation, and the secretion of cytokines involved in inflammation and fibrogenesis. LPS-induced EGFR activation in HSCs was associated with Toll-like receptor 4 (TLR4)/c-Src-related mechanisms. These findings suggest that EGFR antagonism may be a feasible approach for treating LPS-related activation of HSCs activation, preventing or limiting the progression of liver fibrosis.
